Background: Hepatocellular carcinoma (HCC) is the third leading cause of death by malignancy worldwide. HCC has a poor prognosis due to tumor invasiveness and metastasis. There is substantial evidence that the epithelial-to-mesenchymal transition (EMT) plays a central role in cancer metastasis. In a previous study, a possible association between integrator complex 8 (INTS8) and the progression and development of HCC was discovered. However, its role and the molecular mechanisms in HCC are poorly understood. Methods: The PROGgeneV2 platform database and Kaplan-Meier plotter analysis were used to analyze the potential effects of INTS8 in HCC. Moreover, we performed migration, transwell, and metastasis assays to investigate the effects of INTS8 on HCC cells. In addition, relevant signaling pathways were examined by western blot and RT-qPCR assays. Results: We used the PROGgeneV2 platform database and Kaplan-Meier plotter analysis, which indicated that increased expression of INTS8 is associated with poor overall survival of HCC. Moreover, INTS8 expression was higher in HCC tissues than in adjacent noncancerous tissues. INTS8 depletion reduced the invasion and migration of HCC cell lines. Downregulation of INTS8 in vivo resulted in fewer observed metastatic nodules in lungs. Moreover, INTS8 knockdown also increased the expression of epithelial markers (E-cadherin) and decreased the expression of mesenchymal markers (N-cadherin and vimentin) following the downregulation of SMAD4. In addition, pretreatment with TGF-β1 could partly prevent the decrease in the expression of SMAD4 and EMT markers induced by INTS8 knockdown. Conclusion: Overall, these findings suggest that INTS8 accelerates the EMT in HCC by upregulating the TGF-β signaling pathway.
Introduction
Hepatocellular carcinoma (HCC) is the third leading cause of death from cancer. 1 The average and 5-year survival rates of HCC patients still remain poor. Its high recurrence and metastasis rates often lead to poor clinical outcomes. 2 Consequently, it is important to gain a better understanding of the mechanisms responsible for HCC initiation and progression, so that more effective therapies can be developed.
The integrator complex (INT) includes at least 14 subunits and is phylogenetically conserved.
3 INTS8 encodes a subunit of the INT that is involved in the cleavage of small nuclear RNAs. In a previous study, INTS8 levels were found to be significantly higher in cancerous gastric tissues than in the corresponding non-malignant gastric tissues.
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Tong et al and colon and lung adenocarcinomas, as well as HCC. In addition, Yin et al also found that a significant increase at the protein level of INTS8 was observed in HCC tissues compared with corresponding paracancerous tissues, and INTS8 was specifically correlated with most clinical characteristics including disease-free survival, overall survival, stage, metastasis, invasiveness, diagnosis, and age by microarray analysis. 6 The epithelial-to-mesenchymal transition (EMT) is a multistep biological process whereby transient de-differentiation into a mesenchymal phenotype causes changes in the plasticity of epithelial cells. 7 The EMT, which is a reversible and dynamic process, is one of the major mechanisms by which cancer cells invade and metastasize. 8, 9 Accumulating evidence has demonstrated that the EMT plays a pivotal role in the proliferation and metastasis of malignant hepatocytes during hepatoma progression.
2, 10 Xiao et al revealed that HCC cell proliferation was inhibited through the downregulation in expression of stem cell markers. 11 Liang et al also reported that the inhibition of EMT decreased the cell proliferation in HCC. 12 TGF-β plays an important role in orchestrating favorable microenvironments for tumor cell growth and promoting the EMT in HCC. 13 Thus, we could assume that INTS8 might involve the EMT in HCC due to a possible association between INTS8 and the progression and development of HCC.
Strikingly, to date, the role of INTS8 in HCC and its underlying molecular mechanism remain unclear; thus, the aim of this study was to explore both.
Materials and methods
Bioinformatics analysis
The ProgeneV2 prognostic database (http://watson.compbio. iupui.edu/chirayu/proggene/database/?url=proggene) and Kaplan-Meier Plotter (http://kmplot.com/analysis/) were used to collect the data required to analyze the effect of INTS8 on HCC survival. 14, 15 Patients and clinical samples This study was approved by the Medical Ethics Committee of the Ruijin Hospital of Shanghai Jiao Tong University School of Medicine and was conducted in accordance with the Declaration of Helsinki. We obtained written informed consent from all 52 participants, who were primary HCC patients enrolled between February 2015 and November 2016. We collected primary HCC tissues and corresponding adjacent noncancerous tissues during hepatectomies. Detailed clinical characteristics of the HCC patients are summarized in Table 1 . The samples were confirmed as HCC and adjacent noncancerous tissues by H&E staining.
immunohistochemistry (ihC)
IHC staining was performed blindly by a pathologist. We assessed INTS8 expression by IHC of paraffin-embedded specimens. The slides were incubated overnight at 4°C with rabbit anti-INTS8 primary antibody (1:200; Proteintech, Wuhan, China). The following day, secondary antibody was applied for 30 minutes at 37°C and expression was quantified using ImageJ software.
Cell culture and stimulation
We purchased commercially available immortalized human hepatocyte (MIHA and THLE3) and liver cancer cell lines (HCCLM3, HepG2, MHCC-97H, and SK-HEP-1) from the American Type Culture Collection (Manassas, VA, USA). The cell lines were cultured in DMEM (Sigma-Aldrich Co., Shanghai, China) supplemented with 10% FBS (Invitrogen Gibco, Carlsbad, CA, USA) and incubated in a 5% CO 2 incubator at 37°C. We prepared a 10 mg/mL stock solution by dissolving TGF-β1 (Abcam, Burlingame, CA, USA) in PBS and added sufficient medium to yield a 10 ng/mL solution.
Cell viability assay
The cells were seeded into 96-well plates and cultured to 60%-80% confluence. An MTT assay (Thermo Fisher Scientific, Waltham, MA, USA) was performed to determine cell viability and the absorbance was measured at 570 nm.
Reverse-transcription quantitative polymerase chain reaction (RT-qPCR)
Total RNA was extracted using TRIzol reagent (Invitrogen). We synthesized first strand cDNA using a reverse transcription system kit (Toyobo, Osaka, Japan) according to the manufacturer's instructions. Real-time RT-PCR was performed using an ABI PRISM 7300 sequence detection system (Applied Biosystems, Foster City, CA, USA). All gene transcripts were quantified by RT-qPCR with the Power 
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Tong et al SYBR Green PCR Master Mix and the ABI StepOnePlus System. The forward primer sequences for INTS8 and β-actin, the internal control, were 5′-AACTGAGAGTTCTACT-GCTGGA-3′ and 5′-GCTGCGCCCAAATCATAGC-3′, respectively, and the corresponding reverse sequences were 5′-GACTGCTGTCACCTTCACCGT-3′ and 5′-GTTGCGT-TACACCCTTTCTTG-3′, respectively. We applied the 2 −DDCt method to calculate relative gene expression.
Western blot (WB) analysis
We extracted total protein from the cell lines and tissues using radioimmunoprecipitation buffer (Sigma-Aldrich Co.) and determined the protein concentration using the BCA Protein Assay Kit (Beyotime, Shanghai, China). The extraction of nuclear protein extractions were prepared using an extraction kit (Beyotime) according to the manufacturer's protocols as reported previously. 16 The proteins were separated by 10% SDS-PAGE and transferred to a polyvinylidene fluoride membrane. After blocking in 5% BSA for 1 hour, the membranes were incubated overnight at 4°C with β-actin (1:2,000; Cell Signaling Technology, Danvers, MA, USA), INTS8 (1:200; Abcam), N-cadherin (1:1,000; Abcam), E-cadherin (1:1,000; Abcam), Vimentin (1:1,000; Abcam), Histone H3 (1:2,000; Cell Signaling Technology), and SMAD4 (1:1,000; Cell Signaling Technology) antibodies. The secondary antibody horseradish peroxidase-conjugated goat anti-rabbit IgG (1:1,000) was then applied for 1 hour at 37°C. β-Actin served as the internal control for all WBs. Histone H3 served as the internal control for nuclear protein. We quantified protein expression using Bio-Rad Quantity One software (Bio-Rad Laboratories Inc., Hercules, CA, USA).
lentiviral infection
We obtained the lentiviral shRNA construct targeting INTS8 (SHCLNV-NM_017864) commercially (Sigma-Aldrich Co.) and designed two shRNA sequences that interfere with human INTS8 ( Table 2 ). The oligonucleotides were phosphorylated, annealed, and cloned into the pLKO.1 vector (Sigma-Aldrich Co.). Lentiviral infection was performed according to the manufacturer's instructions. First, the cells were incubated with lentiviral particles and polybrene (1 µg/mL) in a growth medium. After 18 hours, the infection medium was discarded. 
Colony formation assay
Colony formation assay was performed according to previous study. 17 Briefly, after lentivirus infection for 3 days, cells were seeded in a six-well plate at a density of 400 cells per well. Cells were cultured for 10 days at 37°C in a 5% CO 2 . The colonies were fixed with 4% paraformaldehyde for 15 minutes and then stained with Giemsa solution (Sigma, #G5637, USA) for 5 minutes. The numbers of single colonies containing more than 50 cells were counted under a microscope. All experiments were performed in triplicate wells, and assays were repeated three times.
Wound healing assay
The cells were seeded into 12-well plates and cultured to 100% confluence. We created a wound by scratching a straight line in the cell layer with a pipette tip. Next, the cells were washed with PBS and treated with DMEM without FBS. Cell migration was photographed and the width of the wound was measured.
Transwell migration assay
Cell culture inserts (24-well, pore size 8 µm; Sigma-Aldrich Co.) were seeded with 1×10 5 cells in 200 µL of medium without FBS. Medium with 5% FBS (500 µL), which served as a chemotactic agent, was added to the lower chamber. After 24 hours, non-migrating cells were removed from the upper side of the membrane, and the cells on the lower side of the membrane were fixed with 4% paraformaldehyde. Cells were stained with 0.1% crystal violet staining and counted. Each individual experiment was performed with triplicate inserts, and five microscopic fields were counted per insert.
Transwell invasion assay
Matrigel (BD Biosciences, San Jose, CA, USA) was added to each well according to the manufacturer's instructions before the cells (3×10 Following 12 hours incubation at 37°C, non-invasive cells were gently removed from the top of the matrigel with a cotton-tipped swab. The invasive cells at the bottom of the matrigel were fixed in 4% paraformaldehyde, stained with 0.1% crystal violet, and counted. Each individual experiment was performed with triplicate inserts, and five microscopic fields were counted per insert.
Immunofluorescence assay
Anti-E-cadherin (1:200; Cell Signaling Technology), anti-Ncadherin (1:100; Abcam), and anti-SMAD4 (1:200; Abcam) were used as primary antibodies. The cells were incubated with Alexa Fluor 555/488 dye-conjugated secondary antibody (Thermo Fisher Scientific). The nucleus was stained with DAPI (Thermo Fisher Scientific).
in vivo model of hCC lung metastasis
All of the animal studies were approved by the Ruijin Hospital of Shanghai Jiaotong University. All experiments were ethically approved by the Animal Care and Use Committee of Shanghai Jiaotong University and performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 18 Briefly, nude mice weighing ~20 g (Slaccas, Shanghai, China) were housed under specific pathogen-free conditions and supplied with sterilized food and water. MHCC-97H (sh-ctrl) cells were used in the metastasis assay. INTS8-knockdown cells (sh2) were suspended in PBS and 1.5×10 6 cells (150 µL) were injected into the tail vein of the nude mice. Mice were sacrificed 28 days after injection, and their lungs were harvested and inspected for metastatic foci. The number of metastatic nodules on the surface of H&E-stained lungs was counted under a dissecting microscope.
statistical analysis
We used SPSS 20.0 software to perform statistical analysis. All experiments were performed at least in triplicate, and the data are presented as the means ± SDs. We assessed statistical significance using a two-tailed Student's t-test, or, when comparing two groups, a one-way analysis of variance test with Dunnett's test. We considered P-values of 0.05 or less as statistically significant.
Results
high inTs8 mRna levels in hCC tissues are associated with poor overall survival
According to our analysis of the ProgeneV2 prognostic database, increased expression of INTS8 mRNA in HCC tissue is associated with poor 3-year survival rate (high INTS8, n=147; low INTS8, n=146; HR =1.47, P=0.027), and no significant difference was found in 5-year survival rate ( Figure 1A) . Moreover, according to the Kaplan-Meier Plotter database (high INTS8, n=92; low INTS8, n=272; HR =1.95, P=0.00034), higher expression of INTS8 mRNA in HCC tissue was also correlated with poor overall survival ( Figure 1B) . expression of inTs8 was higher in hCC tissues than in adjacent noncancerous tissues IHC showed that INTS8 levels were significantly higher in HCC tissues than in adjacent noncancerous tissues ( Figure  1C ; P<0.05). We examined INTS8 protein levels in HCC and adjacent noncancerous tissues by Western blotting. We observed that adjacent noncancerous tissue exhibited lower protein levels of INTS8 than HCC tissues ( Figure 1D ). Moreover, INTS8 protein levels were higher in the HCC cell lines (HCCLM3, HepG2, MHCC-97H, and SK-HEP-1) compared with the normal hepatocyte cell lines (THLE3 and MIHA) ( Figure 1E ).
silencing of inTs8 expression in MhCC97h and sK-heP-1 cell lines using shRnas
We characterized the cellular consequences of using lentiviral RNA interference vectors expressing shRNA (sh-INTS8) for stable knockdown of INTS8 expression in human HCC cell lines (MHCC-97H and SK-HEP-1) to gain insight into the possible mechanisms that mediate the relationship between INTS8 and HCC. INTS8 mRNA and protein levels were evaluated 72 hours after lentivirus infection (Figure 2A, B) . Compared with the control groups, INTS8 expression was downregulated by the shRNAs. MTT analysis demonstrated that cell viability was significantly reduced as a result of INTS8 knockdown at 72 hours ( Figure 2C ). Furthermore, colony formation assay was also carried out for cell proliferation assessment. The results revealed that cell proliferation was decreased due to the downregulation of INTS8 at day 13 ( Figure 2D ).
inTs8 knockdown attenuates hCC cell migration and invasion
The invasion and migratory capability of cells decreased markedly following suppression of INTS8; fewer cells migrated through the pores ( Figure 3A, B) . A wound-healing assay was also performed to evaluate the effect of INTS8 on 
inTs8 depletion attenuates the eMT in hCC cell lines
The EMT, which plays a crucial role in cancer migration, requires alterations to molecular markers. Thus, we evaluated the expression levels of epithelial (E-cadherin) and mesenchymal (N-cadherin and vimentin) markers. WB analysis revealed that N-cadherin and vimentin were decreased by downregulation of INTS8 ( Figure 4A) . Conversely, cells with INTS8 knockdown exhibited higher expression of E-cadherin ( Figure 4A ). Immunofluorescence assessing the levels of EMT markers confirmed these results ( Figure 4C ).
inTs8 depletion inhibits the TgF-β signaling pathway
We investigated the possible underlying molecular mechanism by evaluating the TGF-β signaling pathway. INTS8 
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We then investigated the effect of TGF-β pretreatment on E-cadherin, N-cadherin, and vimentin expression in INTS8-knockdown cells. According to previous studies, cells were pretreated with 5 ng/mL TGF-β1 protein for 48 hours. 19, 20 Interestingly, supplementation with TGF-β1 reduced E-cadherin levels in both mock-transfected and effects of inTs8 on cell proliferation was evaluated by colony formation assay in sK-heP-1 cells and MhCC-97h cells. The relative proliferation rate of MhCC-97h cells following lentivirus transfection at days 1, 2, and 3. The data are presented as means ± SDs. Each experiment was repeated at least five times. *P<0.05, compared with the sh-ctrl group. Abbreviations: sh-ctrl, control short hairpin Rna group; sh1, short hairpin Rna1; sh2, short hairpin Rna2; mock, mocked treated. experiments. The relative widths of the wound gaps were measured using imageJ software. all data are expressed as means ± sD. *P <0.05, compared with the sh-ctrl group. Abbreviations: hCC, hepatocellular carcinoma; sh1, short hairpin Rna1; sh2, short hairpin Rna2; sh-ctrl, control short hairpin Rna group. 
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Tong et al INTS8-knockdown cells ( Figure 5) . Conversely, the levels of SMAD4, N-cadherin, and vimentin in both mock-transfected and INTS8-knockdown cells were significantly increased by treatment with TGF-β1 ( Figure 5 ).
inTs8 knockdown impairs lung metastasis in vivo
We determined the role of MHCC-97H cells in HCC metastasis in vivo by injecting them into the tail vein of nude mice. Notes: (A) images are representative of three independent experiments. Protein levels of e-cadherin, n-cadherin, vimentin, inTs8, and smad4 were assessed by WB. (B) images are representative of three independent experiments. nuclear protein levels of smad4 were assessed by WB. (C) Protein levels of e-cadherin and n-cadherin were assessed by immunofluorescence staining. (D) Protein levels of Smad4 were assessed by immunofluorescence staining. Abbreviation: eMT, epithelial-to-mesenchymal transition; sh1, short hairpin Rna1; sh2, short hairpin Rna2; sh-ctrl, control short hairpin Rna group; WB, Western blot. 
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As shown in Figure 6 , fewer metastatic nodules were detected in the lung tissues of the INTS8-knockdown group compared with the control group. Moreover, our observations of H&E-stained lung sections revealed obvious metastatic nodules in the lung tissues of the sh-ctrl group.
Discussion
HCC is one of the deadliest types of malignancy worldwide. Given the poor prognosis of HCC, specific molecular targets for improving the prognosis of HCC and effectiveness of intervention are urgently needed. INTS8 is a subunit of the integrator complex, which associates with the C-terminal domain of the RNA polymerase II large subunit and mediates the 3′ end processing of the small nuclear RNAs U1 and U2. 3 In previous studies, a significant upregulation at the protein level of INTS8 was revealed in cancer tissues and INTS8 was specifically correlated with survival. 4, 5 Interestingly, a previous study also reported that, compared with the average expression in paracancerous tissues, INTS8 levels in HCC were upregulated 2.06-fold. 6 Therefore, we investigated the role of INTS8 in the prognosis and progression of HCC. Our bioinformatics analysis revealed that higher levels of INTS8 expression in HCC patients were associated with poor prognoses. Next, we found that INTS8 levels were higher in HCC tissues than in adjacent noncancerous tissues. The migration and invasion of HCC cells decreased following knockdown Figure 5 expression of eMT markers was rescued from inTs8 knockdown-induced suppression by TgF-β1 stimulation. Notes: Protein levels of e-cadherin, n-cadherin, vimentin, and smad4 were assessed by WB. The images are representative of three independent experiments. *P<0.05, compared with the sh-ctrl group. Abbreviations: eMT, epithelial-to-mesenchymal transition; sh1, short hairpin Rna1; sh2, short hairpin Rna2; sh-ctrl, control short hairpin Rna group; WB, Western blot. 
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Tong et al The role of the EMT in the advancement of HCC is gaining increasing attention. The EMT is a complex process by which epithelial cells lose their differentiated characteristics and acquire mesenchymal features, including motility, invasiveness, and the ability to escape detection by immune cells. 21 The EMT is a dynamic and reversible process that allows cancer cells to reversibly transition between epithelial and mesenchymal states during metastasis. 22 E-cadherin is a cell-cell adhesion molecule expressed predominantly by epithelial cells. Reduction or loss of E-cadherin, which is considered a hallmark of the EMT, initiates a series of signaling events and a major reorganization of the cytoskeleton. 23 EMT-induced changes in epithelial plasticity are evidenced by the loss of epithelial markers, which includes the adherence junction component E-cadherin. 7, 24 Meanwhile, the expression of mesenchymal proteins such as N-cadherin and vimentin are increased. 7 In this study, we found that INTS8 depletion increased the expression of E-cadherin and decreased the expression of N-cadherin and vimentin. These results indicate that the expression of INTS8 is closely associated with the EMT process in HCC cells.
We have found substantial evidence that TGF-β signaling is a potent inducer of the EMT. 13, 25, 26 Moreover, TGF-β signaling represents a crucial pathway for initiation of the EMT in HCC. 2, 7 Yu et al reported that the effect of TGF-β on the EMT and invasion in HCC might be prevented by knockdown of myocyte enhancer factors. 27 TGF-β signaling is transduced through the activation of TGF-β receptors and subsequent phosphorylation of receptor-activated SMADs, which form a heterotrimeric complex with SMAD4, a transcription factor important in TGF-β signaling. 22, 28, 29 Interestingly, SMAD4 exerts a tumor-promoting role in HCC. 30 Similarly, we also found that we were able to inhibit the expression of SMAD4 by silencing the expression of INTS8. Furthermore, TGF-β1 pretreatment can be used to partly rescue the downregulated expression of SMAD4 and EMT markers induced by INTS8 depletion.
Our study had the following limitations. First, the in vitro results should be verified in other HCC cell lines. Second, our study did not reveal how INTS8 could be affecting EMT in HCC. Further studies will be needed to explore the involvement of signaling pathways. Therefore, more studies are required to demonstrate the expression of INTS8 as a potential biomarker for HCC in the clinic.
Conclusion
Taken together, our data suggest that INTS8 knockdown inhibits the TGF-β/SMAD4-induced EMT in HCC. 
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